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Abstract—In this paper, a new method called the extended
voltage phasors approach (EVPA) is proposed for placement
of FACTS controllers in power systems. While the voltage pha-
sors approach (VPA) identifies only the critical paths from the
voltage stability viewpoint, the proposed method additionally
locates the critical buses/line segments. The results of EVPA are
compared with the well-established line flow index (LFI) method
for nine-bus, 39-bus, and 68-bus systems. It is shown that the
EVPA provides accurate indication for the placement of FACTS
controllers.
Index Terms—FACTS, placement, voltage stability.
I. INTRODUCTION
DUE to ever increasing load demand and reduced rightsof way, modern power transmission systems are forced
to carry increasingly more power over long distances. Conse-
quently, the transmission system becomes more stressed, which,
in turn, makes the system more vulnerable to stability and secu-
rity problems [1]–[3]. There are several cases of voltage insta-
bility leading to voltage collapse. The need of the hour is, there-
fore, to operate the high power transmission grid in a way that
it is able to carry more power (ideally close to its thermal limit)
over long distance without sacrificing its stability and security
margins. The above task can only be accomplished when there
is proper fast control over power flow in a transmission system.
With the emergence of high power semiconductor switches, a
number of control devices under the generic name of flexible ac
transmission system (FACTS) have come under active consid-
eration to achieve the above objective.
FACTS controllers, by virtue of their fast controllability, are
expected to maintain the stability and security margin of highly
stressed power systems. A number of control strategies for
FACTS controllers have been suggested for this purpose [4].
However, to achieve the good performance of these controllers,
proper placement of the controlling devices in the grid is as im-
portant as an effective control strategy. Hence, it is imperative
that proper placement strategy must precede the installation of
any such device.
There are several indices/methods proposed in literature for
placement of FACTS devices from voltage stability/small signal
stability viewpoint [1]–[3], [5]. Various other techniques such
as residue method [6], bus participation factor [7], and loca-
tion index for effective damping (LIED) [8] have been used for
placement of FACTS devices.
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In this paper, a new method called extended voltage phasors
approach (EVPA) has been proposed for identifying the most
critical segment/bus in power system from the voltage stability
viewpoint. The results of EVPA are compared with the line flow
index (LFI) method [9]. The LFI method identifies exact loca-
tion and cause of the voltage collapse (whether due to real or
reactive power loading) by identifying critical lines instead of
critical buses and it does not require computation of the Jaco-
bian matrix.
II. LINE FLOW INDEX METHOD
The method for LFI computation is documented in [9] and
is compared with the methods developed in [1] and [2]. In this
method, the power flow over a transmission line is examined
from either direction (i.e., power flowing from a sending end)
[node ] to a receiving end (node ) and vice versa. This leads
to four different equations, two each for the real and reactive
powers. Each of these equations can be utilized to determine a
condition that can indicate the critical lines/buses. This method
is summarized below.
Let and be the resistance and reactance, respectively,
of the line joining buses and , , and represent real
and reactive power flowing from node , , and represent
real and reactive power entering into node . Then, the real
power entering at the receiving end of a bus is given by
(1)
where is the voltage of node .
Rearranging the above equation, the value of can be cal-
culated from the roots of the following quadratic equation:
(2)
Since must be real, the following condition, obtained from
the above equation, must be satisfied for ensuring voltage
stability:
(3)
The second term in the left-hand side of (3) is the line flow
index of sending end real power (LFISP). Proceeding similarly
and using expressions for real and reactive powers, the line flow
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indices of receiving end real power (LFIRP), sending end reac-
tive power (LFISQ), and receiving end reactive power (LFIRQ),
can be found out as
LFISP (4)
LFIRP (5)
LFISQ (6)
LFIRQ (7)
These line flow indices are calculated for all of the lines in the
system and the lines with high value (close to 1.0) are considered
as the critical lines. This is because when the indices become
close to unity, the roots tend to become imaginary. The receiving
end bus of the critical line is identified as the weakest bus from
the voltage stability point of view [9].
III. VOLTAGE PHASORS APPROACH
A voltage collapse proximity index (VCPI) using voltage
phasors approach (VPA) for identifying critical transmission
paths with respect to the real or reactive power loading has
been proposed in [10]. In this strategy, a voltage stability index
termed as transmission path stability index (TPSI) has been
defined as the difference between the halved voltage phasor
magnitude of relevant generator and the corrected voltage drop
along a transmission path. The corrected voltage drop of a line
segment is defined as the projection of the receiving end bus
voltage of that segment on the voltage phasor of the generator
which is the starting point of that transmission path as evident
from Fig. 1 and is given by
(8)
where varies from the generating bus 1 to bus .
The total corrected voltage drop is given as sum of the
corrected voltage drop long a transmission path. The TPSI
is given by
(9)
where is generator voltage phasor magnitude and is sum
of corrected voltage drops along a transmission path. A trans-
mission path is a sequence of various connected buses. A bus or
line segment is one that joins two continuous nodes.
An active power transmission path (APTP) is defined as
a sequence of connected buses with declining phase angles
starting from a generator bus. Similarly, reactive power trans-
mission path (RPTP) is defined as a sequence of connected
buses with reducing voltage magnitudes, again starting from a
generator bus [10]. When the value of TPSI index reaches zero,
the power transfer on that transmission path becomes unstable
due to voltage collapse [10].
Fig. 1. Voltage drop projections and sum of corrected voltage drop segments
along the transmission path.
Fig. 2. Schematic diagram of the nine-bus test system.
The voltage collapse proximity index is defined as minimum
TPSI value of APTPs and RPTPs. A minimum TPSI value for
APTP or RPTP indicates a voltage instability problem that is
due to active power or reactive power loading, respectively. The
VPA does not utilize Jacobian elements for the calculation of
indices as in LFI method.
IV. PROPOSED PLACEMENT STRATEGY
The LFI method identifies the critical lines instead of critical
buses whereas VPA identifies the critical transmission paths but
not the critical segments. Hence, there is a need for modification
in the VPA approach for identification of the critical segments.
A close examination of VPA reveals that critical path iden-
tification is dependent on corrected voltage drop along a line
segment. Hence, intuitively, the segment experiencing the max-
imum corrected voltage drop in the critical path may be con-
strued as the best location for placing a FACTS controller. This
hypothesis is examined for various systems of different sizes at
base case and maximum loading conditions (up to nonconver-
gence of load flow). Studies performed reveal that this hypoth-
esis works accurately in all systems at different loading condi-
tions [11]. This hypothesis is now termed as extended voltage
phasors approach (EVPA).
V. NINE-BUS WSCC TEST SYSTEM
The schematic diagram of nine-bus WSCC test system
is shown in Fig. 2. Various rectangles in Fig. 2 show the
transmission line numbers. System data at base case loading
have been adopted from [12].
Both EVPA and LFI approaches are applied at base case
loading condition of the nine-bus system. Fig. 3 shows line
flow indices for various lines in the system. It is indicated
from Fig. 3 that line number 6 (line segment 7-5) has the
highest index value. Various LFIs are also listed in Table I. The
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Fig. 3. LFIs of various line for the nine-bus system at base case loading
condition.
TABLE I
LFIs AT BASE CASE LOADING CONDITION
Fig. 4. Voltage profile of the nine-bus system at base case loading condition.
TABLE II
ACTIVE AND REACTIVE TRANSMISSION PATHS FOR THE NINE-BUS SYSTEM AT
BASE CASE LOADING CONDITION
maximum index is due to LFIRP (receiving end real power
index); therefore, a suitable series FACTS device needs to be
placed in line 7-5.
Fig. 4 shows the voltage profile of the nine-bus system at base
case loading condition. It is evident from this figure that voltage
profile of the system is quite good at this base case. Therefore,
there is no need of connecting any shunt device in the system.
The LFI considerations also indicate that there is no need for
shunt device.
Various APTPs and RPTPs for EVPA are shown in Table II.
Segments (1-4), (2-7), and (3-9) are transformer segments so
they are ignored in the analysis [8]. There are six active power
transmission paths and two reactive power transmission paths.
Fig. 5 depicts that TPSI of path A3 is minimum. The path
A3 corresponds to the line segment (7-5) as shown in Table II.
Hence, the line segment 7-5 is critical. The results of the EVPA
method are seen to match with that of LFI. Hence, for base case
Fig. 5. TPSI for APTP and RPTP at base case loading condition.
Fig. 6. Schematic diagram of ten-machine, 39-bus system.
Fig. 7. LFIs of various line for the 39-bus system at base case.
condition of the nine-bus system, the line segment 7-5 is the
appropriate place for placing a series FACTS device.
VI. TEN-MACHINE 39-BUS SYSTEM
The schematic diagram of the ten-machine, 39-bus system is
shown in Fig. 6. The system data have been adopted from [13].
Both EVPA and LFI approach are applied to this system at base
case loading condition. Fig. 7 shows line flow indices for var-
ious lines in the system at base case loading condition. Lines
1–12 correspond to transformers, and hence, are not shown in
the Fig. 7. It is demonstrated from Fig. 7, that the line segment
18-19 (line number 33) has the highest index value, and there-
fore, the line segment 19-18 and bus 18 are most critical from
voltage stability viewpoint. This index is maximum for LFIRQ,
and therefore, a shunt FACTS device is required in this case.
Fig. 8 shows the voltage profile of the 39-bus system at base
case loading. There are two zones where voltage dip is more as
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Fig. 8. Voltage profile of the 39-bus system at base case loading condition.
Fig. 9. TPSI of APTPs and RPTPs for base case loading condition of the
39-bus system.
compared to the other buses. The first zone is from bus 13 to
bus 18 while the second zone is from bus 31 to bus 35. Placing
a device in one or both zones will improve the voltage profile
of the system. The LFI shows that bus 18 is the most critical
bus where a shunt device can be placed. Bus 18 belongs to first
zone.
EVPA is now applied to this system. In this, the APTPs are
denoted by A1, A2, etc. and the RPTPs are denoted by R1, R2,
etc. Various APTPs and RPTPs are computed for the system
as described in Section III and then TPSI for various paths are
computed. Fig. 9 shows the TPSI values for APTP and RPTP
at base case loading condition. Segments A13, A14, and R11
have only transformers, and hence, zero values are shown for
them in Fig. 9. This figure reveals that APTP A4 [line segments
(2-19), (19-18)] and RPTP R4 [line segments (2-19), (19-18)
and (18-17)] have minimum values. Between these two paths,
R4 has minimum value of 0.4291. In the previous study of the
nine-bus system, EVPA identifies a critical path that is com-
prised of only one line segment. Hence, this was considered for
placement of the device. But in this case, there are three seg-
ments that constitute the critical path. Although all three line
segments contribute to instability, the need is to identify the
most critical segment in these three line segments.
It is known that the TPSI is computed from the summation
of corrected voltage drops along a path [10]. It therefore seems
logical that the line segment which has the maximum value of
corrected drop would be most critical. The corrected voltage
drops for path R4 are shown in Table III.
Table III indicates that line segment (19-18) is most critical
followed by line segments (2-19) and (18-17) in that order. As
the TPSI of RPTP “R4” is minimum, therefore a shunt device
requirement emerges at bus 18. This result matches with that of
LFI and also comes in first zone as indicated by voltage profile
of the system.
TABLE III
CORRECTED VOLTAGE DROPS FOR PATH R4
Fig. 10. Sixteen-machine, 68-bus system.
Fig. 11. LFIs of various lines for the 68-bus system at base case loading
condition.
Fig. 12. Voltage profile of the 68-bus system at base case loading condition.
VII. SIXTEEN-MACHINE 68-BUS SYSTEM AT BASE CASE
LOADING
The 16-machine, 68-bus system [14] is shown in Fig. 10. The
line segments are marked by prefix L. Generator no. 1 is taken
as the slack bus. The line flow indices for various lines (without
considering transformer segments) in the system at base case
loading condition are shown in Fig. 11. This figure shows a
maximum value of 0.6502 for L75 (line segment 41-40) cor-
responding to LFIRQ index. Hence, from LFI criterion, the line
segment 40-41 and bus 41 are critical.
Voltage profile of the 68-bus system is shown in Fig. 12. This
shows that voltage of bus 41 is quite high (0.9991 p.u.); hence,
there is no need of any shunt device to be connected at this
bus. This indicates a limitation of LFI technique for this study
system.
Fig. 13 shows TPSI for APTP and RPTP, respectively. In
this figure, the paths A13, A17, R9, and R12 have only trans-
formers and are therefore ignored. The minimum TPSI is for
path A48 and has a value of 0.3312. The path A48 consists
of line segments (14-41-40-48-47-65-30-60-36-37-43-44-39).
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Fig. 13. TPSI of APTPs and RPTPs for the 68-bus system at base case loading
condition.
TABLE IV
CORRECTED VOLTAGE DROPS FOR ACTIVE POWER TRANSMISSION PATH A48
In this path, the segment (14-41) corresponds to a transformer;
hence, its corrected voltage is not considered in TPSI evaluation.
Table IV lists the corrected voltage drops for different segments
and shows that the line segment (41-40) is most critical followed
by the segment (30-60). As the path A48 is active power trans-
mission path, a series device will be more effective in the line
segment (41-40). The line segment (41-40) has also been shown
to be critical by LFI. As the voltages of buses 40 and 41 are near
1 p.u., there is no need of voltage support at these buses. This
is also indicated by EVPA as the minimum TPSI is obtained for
APTP and not for RPTP.
Thus, the EVPA is able to identify not only the critical path
but critical line segment as well which is more important for
controller placement. It is also able to identify correctly whether
the problem of voltage instability is due to active power or re-
active power loading.
VIII. 68-BUS SYSTEM AT MAXIMUM LOADING CONDITION
The maximum loading beyond which the load flow does not
converge is obtained when the load is increased by 14% from the
base case loading keeping the generator powers constant. The
LFIs for the 68-bus system at maximum loading condition are
shown in Fig. 14. It can be seen that line 75 (line segment 41-40)
has maximum value for LFISQ. Therefore, bus 40 is most crit-
ical in this case. Fig. 15 illustrates the corresponding system
voltage profile. It shows that voltage of bus 40 is minimum, and
thus, indicating the need for shunt compensating device at this
bus.
Various APTPs and RPTPs at maximum loading condition
are illustrated in Fig. 16. In this figure, paths A14, A18, and
R13, R15 are ignored as they consist of only transformers. In
Fig. 16, since the TPSI value for path R41 (it has only one line
segment 41-40) is minimum ( 0.0301) and it is less than TPSI
Fig. 14. LFIs for the 68-bus system at maximum loading condition.
Fig. 15. Voltage profile of the 68-bus system at maximum loading condition.
Fig. 16. TPSI of APTPs and RPTPs for the 68-bus system at maximum loading
condition.
value of path A50, it is the most critical path. Since this min-
imum TPSI value corresponds to a reactive transmission path, a
shunt device at bus 40 should be placed to improve the voltage
profile/stability of the system. Thus, results of the EVPA corre-
late with those of LFI approach and voltage profile analysis.
IX. EIGENVALUE STUDIES AT MAXIMUM LOADING CONDITION
There are two approaches to validate the findings of any
placement algorithm. One is large signal (time domain) study
and the other is small signal eigenvalue analysis. Since the
systems considered are fairly large, the findings of the EVPA
are verified through the eigenvalue analysis.
The EVPA analysis at the base loading condition identifies
line 40-41 as a suitable candidate for the installation of a se-
ries device. On the other hand, EVPA analysis at the maximum
loading condition recommends the placement of a shunt device
at bus 40. Hence, both devices are considered in the eigenvalue
analysis.
For eigenvalue studies, we consider three FACTS controllers,
namely SVC, TCSC, and STATCOM. Suitable models of these
devices are derived for this purpose [11]. Due to space limita-
tion, these models cannot be discussed in this paper and will be
presented in a subsequent publication.
For eigenvalue studies, the SVC is assumed to be equipped
with a proportional plus integral (PI) voltage controller [15]
while the TCSC is equipped with a PI power flow controller.
The SVC controller parameters are taken as proportional gain
and integral gain and TCSC controller
parameters as and . The STATCOM
is connected at bus 40 and is equipped with an integral state
feedback controller. This STATCOM controller is derived in
the same line as given in [16] where this type of controller is
used for SSSC control. The controller parameters are chosen as
in which the first three
terms correspond to the feedback of the three state variables of
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TABLE V
EIGENVALUES OF THE 68-BUS SYSTEM AT MAXIMUM LOADING CONDITION
the STATCOM and the fourth term is used with the integral con-
troller. The STATCOM controller parameters are chosen using
pole placement technique.
Table V lists the some eigenvalues that have a damping less
than 0.1 for maximum loading condition. These eigenvalues
are obtained for four different situations—for no FACTS con-
troller, with only SVC at bus 40, with only STATCOM at bus
40, with only TCSC between buses 40-41, and a combination of
both SVC-TCSC connected at the locations mentioned before.
In general, the FACTS controllers stabilize the unstable mode
(shown in bold in Table V) that has a frequency of 0.9411 rad/s.
X. CONCLUSIONS
In this paper, a novel FACTS controller placement strategy
termed as EVPA is presented. This technique identifies the crit-
ical line segments from voltage stability consideration in power
systems. These EVPA results are validated by LFI approach. In
all of the systems studied, it has been found that EVPA approach
is able to identify the critical path and the most critical segment
correctly. It also determines whether the cause of the problem
is either due to active power loading or reactive power loading.
Suitable FACTS controllers can then be placed at the identified
locations (critical segments/buses).
It has been observed that the EVPA results obtained for dif-
ferent test systems match closely with those obtained using the
LFI method from the voltage stability point of view. However,
it is possible that the best location found out from voltage sta-
bility viewpoint may not necessarily be the best location from
transient stability viewpoint. Hence, rigorous transient stability
studies must be accompany EVPA.
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